Abstract-The effect of skin, muscle, fat, and bone tissue on simulated surface electromyographic (EMG) signals was examined using a finite-element model. The amplitude and frequency content of the surface potential were observed to increase when the outer layer of a homogeneous muscle model was replaced with highly resistive skin or fat tissue. The rate at which the surface potential decreased as the fiber was moved deeper within the muscle also increased. Similarly, the rate at which the surface potential decayed around the surface of the model, for a constant fiber depth, increased. When layers of subcutaneous fat of increasing thickness were then added to the model, EMG amplitude, frequency content, and the rate of decay of the surface EMG signal around the limb decreased, due to the increased distance between the electrodes and the active fiber. The influence of bone on the surface potential was observed to vary considerably, depending on its location. When located close to the surface of the volume conductor, the surface EMG signal between the bone and the source and directly over the bone increased, accompanied by a slight decrease on the side of the bone distal to the active fiber. The results emphasize the importance of distinguishing between the effects of material properties and the distance between source and electrode when considering the influence of subcutaneous tissue, and suggest possible distortions in the surface EMG signal in regions where a bone is located close to the skin surface.
contractions. These models have been predominantly based on analytical solutions for muscle fibers located in either finite or infinite volume conductors [1] [2] [3] [4] [5] [6] . Analytical models, however, are limited to simple cylindrical or elliptical geometries and become increasingly difficult to handle as additional layers are incorporated. To simulate more physiological limb geometries, numerical methods such as boundary or finite-element (FE) methods must be employed [7] , [8] . Although the application of numerical methods to surface EMG has been limited to date, boundary and finite-element models previously presented [8] [9] [10] , illustrate how numerical methods may be successfully used to model the electrical fields around active nerve and muscle fibers.
To date, a limited number of models have considered the finite nature of the volume conductor in which the muscle fibers lie [3] [4] [5] [6] , [11] . Of these, only the models of Gootzen et al., [3] and Roeleveld et al., [5] have incorporated multiple layers of fat and skin tissue, although fat and skin layers have been included in a recent hemi-space model for planar geometries [12] . The highly resistive skin and adipose tissues that lie between the electrode and muscle are commonly neglected. It also remains unclear how the presence of a bone can affect the EMG signal detected at the skin surface. Studies by Wilson et al., [13] on the effect of a centrally located bone on nerve action potentials and by Schneider et al., [8] on the presence of small regions of inhomogeneous tissue suggest that the presence of a major inhomogeneity such as bone may considerably distort the potential distribution on the skin surface.
To examine these issues in further detail, a finite-element model of the surface EMG signal is presented in this paper. Using the model, the effect of inhomogeneous tissues on the surface EMG signal is examined. Tissue conductivity values described in a recent review of the dielectric properties of a range of biological tissues are incorporated in the model [14] [15] [16] . Effects due to highly resistive skin, adipose tissue, and bone are examined with the aim of establishing how each physiological parameter affects the surface EMG signal. In particular, the influence of subcutaneous tissue thickness and superficial bone on the rate of decay of the EMG signal around the limb was examined. The rate at which the surface potential decays with angular displacement from the source has important implications in the study of surface EMG crosstalk. While previous experimental studies have reported variations in crosstalk with subcutaneous tissue thickness in the upper arm [17] , [18] and with proximity to the tibial bone [19] , the reasons behind these observations remain unclear. Model simulations present an opportunity to examine how physical variations such as these affect EMG selec-0018-9294/02$17.00 © 2002 IEEE tivity. For simplicity, only single fiber action potentials are considered here. Although the influence of fiber distribution, motor unit type and location, motor unit firing statistics and synchronization must be considered when interpreting voluntary surface EMG signals, the single fiber model is a convenient method of exploring issues related to volume conduction without the compounding effects related to motor control.
II. METHODS

A. Finite-Element Model
The finite-element method was used to calculate the potential in an idealized cylindrical limb due to a muscle fiber located within the muscle tissue. The conducting volume was divided into sets of linear tetrahedral and quadrilateral elements. Each element set corresponded to a different tissue type within the model. Elements of a very small size were used to mesh the areas surrounding the regions of interest to facilitate a high level of accuracy where required, while a coarser resolution was used elsewhere in the model. The electric potential was then calculated at the nodes located at the vertices of the elements.
1) Quasi-Stationarity:
In accordance with previous studies, the EMG models were assumed to satisfy the conditions for quasistationarity [20] . This requires both that wave propagation, inductive and capacitive effects may be ignored and that the medium in which the source is located be purely resistive [3] , [21] . Furthermore, if a piecewise homogeneity of the model is assumed, then the potential distribution may be determined from Laplace's equation (1) where is the potential at a point in the volume conductor of radial position , angular displacement , and axial position (Fig. 1) .
2) Boundary Conditions: At the interface between any two media, the normal component of the electric current is assumed to be continuous and the following condition is satisfied (2) where and are the conductivities of the first and second media, respectively, and and are the normal components of the electric field in the first and second media. At the skin surface, it was assumed that the conductivity of the surrounding region (air) is zero. As current is not confined within a section of the limb, but is free to flow into the distal and proximal ends, the volume conductor was assumed to be of infinite length. This was implemented by applying boundary conditions based on the Bayliss-Turkel approximation [22] at either end of the finite-element model.
3) Source Excitation: The transmembrane current-density, , was applied to the surface of a muscle fiber, radius 50 m [23] , located within the conducting muscle tissue. was defined as a continuous function of axial distance, , which is discretised at the nodes along the surface of the fiber. The source was located centrally along the muscle length and orientated parallel to the skin surface. The current-density distribution was calculated from Rosenfalck's algebraic description of the transmembrane potential [24] , using the assumption that is directly proportional to the second derivative of the transmembrane voltage [1] , [24] , [25] ( 3) where is the intracellular conductivity and is the fiber diameter.
4) Material Properties:
A parametric model to describe the dielectric properties of a range of biological tissues as a function of frequency was presented by Gabriel et al., [16] . Conductivity values for muscle , skin , infiltrated fat , cortical bone , and cancellous bone at 100 Hz (representative of the median frequency of a typical surface EMG signal) were obtained from [16] , Table I . A wide range of muscle anisotropy values has been reported in the literature, ranging from 2.78 to 14.5 [4] , [14] , [25] , [26] . To examine the effect of anisotropy in the inhomogeneous model, the ratio of the axial conductivity to the radial conductivity of the muscle tissue was varied between one and 15. An anisotropy ratio, , of five was assumed elsewhere [26] [27] [28] .
5) Implementation Details: Flat, quadrilateral elements were used to cover the skin surface with a uniform, high-resolution mesh. Three-dimensional tetrahedral elements were then used to mesh the interior regions of the model, Fig. 1 . The size of the elements in the models ranged from 0.05 mm in the muscle fiber to an element size of 12 mm. The total number of elements ranged from approximately 300 000 to 600 000, depending on the complexity of the muscle geometry. The potential at each electrode was assumed to be the potential at the node located at the center of the electrode. The finite-element model was meshed and solved using the EMAS software package (Ansoft Corp., Pittsburgh, PA) [29] , on a Dell Dimension 8100 with a Pentium IV 1.4-GHz processor, with 512-MB RAM. Typical solution time for a model containing 400 000 elements was approximately 12 min.
B. Model Simulations
For an action potential propagating with uniform conduction velocity, , in a straight line, parallel to the surface of the volume . Additional to the propagating wave, the EMG signal detected at the skin surface contains a stationary component, generated as the action potential reaches the end of the fiber [3] , [30] [31] [32] . The contribution of the fiber end-effects at the recording electrode depends on the electrode position relative to the fiber terminal, the distance from fiber to electrode and the interelectrode distance. During bipolar recordings, where the electrodes are situated away from the end of the fiber, the stationary waveform tends to cancel out [5] . Furthermore, due to the dispersion of the fiber terminations within a motor unit, the end-effects observed in a motor unit action potential are much smaller than those observed for a single fiber action potential. For this reason, muscle fiber end-effects are not included in this study and it is assumed that the EMG signal is dominated by the propagating wave. The effect of the action potential origination at the neuromuscular junction is much less dramatic than the termination effects at the end of the fiber, as the effects due to two action potentials propagating in opposite directions to one another tend to cancel out. Action potential origination effects are, therefore, not considered here. However, if the recording electrodes are located close to the innervation zone the start-up effects could be a significant factor.
Five variations on a model of the upper arm are initially presented. In the first, the source was embedded in cylindrical, homogeneous anisotropic muscle tissue of finite radial extent (Table II: model I). In the second and third models, the outer rim of the volume conductor was replaced with a layer of isotropic skin (Table II: model II) , and then isotropic fat (Table II: model  III) , 2-mm-thick and 5-mm-thick, respectively. A fourth model was composed of 2-mm-thick skin, 3-mm-thick fat and muscle (Table II: model IV) . A cylindrical bone, radius 10 mm [33] was added to a fifth model (Table II: location of the bone with respect to the muscle fiber was varied as illustrated in Fig. 2 ( denotes the distance from center of the volume conductor to the center of bone and , the angular displacement of the bone from the vertical axis). The bone was first located at the center of the model, then 2 mm below the source. The bone was then rotated 15.8 from the vertical and moved so that the edge of the bone lay 1 mm below the fat-skin interface and 1 mm from the source. Finally, the bone was placed 2 mm below the muscle-fat interface at angular displacements of 20 and 40 from the source. Two types of bone were compared at each location. Initially, the bone was modeled as homogeneous cortical bone tissue. Then the center of the bone, radius 7 mm, was filled with less resistive cancellous tissue. In models I-V, the total radius of the volume conductor was 50 mm. The amplitude and frequency content of the surface EMG signals from the different models were compared and the rate of decay of the surface EMG root-mean-square (RMS) value was examined.
To explore the effect of variations in subcutaneous tissue thickness, surface EMG action potentials were then generated using a multilayer model of the upper arm as the thickness of the subcutaneous fat was varied while keeping the volume of the muscle tissue constant. This model was composed of skin, fat, muscle and cortical bone, radius 10 mm, located at the center of the model. The radius from the center of the model to the surface of the muscle tissue was 40 mm. It has been reported that biceps skin-fold thickness ranges from 2-29 mm in males, and from 2-45 mm in females, aged 20-40 years [34] . Based on this data and assuming a skin thickness of 1.3 mm [35] , the thickness of the subcutaneous fat layer was varied between 0 and 18 mm and the amplitude, frequency content and rate of decay of the surface EMG signal with angular displacement from the source was examined.
III. SIMULATION RESULTS
Action potentials were examined at different angular locations around the surface of the volume conductor. The median frequency of the EMG amplitude spectrum (magnitude of the Fourier transform) was calculated by mapping the spatially distributed waveform to the time domain, assuming a conduction velocity of 4 m/s [36] . Results are presented for a standard bipolar electrode configuration, with an interelectrode distance of 20 mm, orientated parallel to the muscle fiber direction.
A. Effect of Inhomogeneous Layers
Action potentials detected at the surface, directly above a 7-mm-deep muscle fiber in models I-IV are compared in Fig. 3 . Replacing the outer layer of the homogeneous model (model I) with a medium of low conductivity, such as skin or fat tissue, yielded an increase in both the amplitude and frequency content of the surface action potential. The RMS value and median frequency for a range of fiber depths are compared in Fig. 4(a) and (b). Examining the potential directly above a 7-mm-deep muscle fiber at the muscle-fat interface in models I and III, it was observed that the RMS value of the action potential at the interface increased by 90% when the outer layer of the volume conductor was replaced with fat tissue. This was accompanied by a decrease in the total current entering the outer annulus.
When the conductivity of the outer layer of the volume conductor was decreased further (beyond physiologically realistic values), the amplitude and median frequency of the surface action potential continued to increase, approaching a limit as the conductivity of the outer layer was decreased toward zero. In Fig. 5 , the RMS value and median frequency of the surface potential directly above the source (at ) are presented as a function of the ratio of muscle conductivity to fat conductivity When highly resistive fat or skin was included in the model, the rate of decay of the surface EMG amplitude with increasing source depth was observed to increase, Fig. 4(a) . The rate of decay of the surface EMG amplitude with increasing angular displacement from the source is illustrated in Fig. 6 . Results are presented for a muscle fiber located 7 mm below the surface of the model. The results illustrate that in models where highly resistive layers were included (models II-IV), the surface potential decayed more rapidly with angular displacement than in the homogeneous muscle model.
B. Effect of Muscle Anisotropy
Muscle anisotropy was increased by increasing the axial conductivity of the muscle tissue in the homogeneous muscle model (model I) and in the multilayer skin, fat and muscle model (model IV). The RMS value and median frequency of the action potential detected at the surface directly above a 7-mm-deep muscle fiber in both models are presented in Fig. 7 . The decrease in both the amplitude and frequency content of the surface potentials with increasing muscle anisotropy is characteristic of the changes that were observed at all electrode locations around the limb. Maintaining the muscle fiber at a depth of 7 mm, the rate of decay of the surface potential around the limb with increasing angular displacement from the source was examined as was varied. The RMS value of the surface potential was calculated at 2.5 intervals around the volume conductor and normalized with respect to the RMS value at . The rate of decay of the surface potential with increasing angular displacement was observed to increase slightly with increasing . Values for the inhomogeneous model (model IV) are presented in Fig. 8 .
C. Effect of Bone
The RMS values of action potentials detected at 2.5 intervals around the surface of the limb were calculated for each bone location illustrated in Fig. 2 using both homogeneous cortical bone and the two-layer bone composed of an outer layer of cortical bone and a core of cancellous bone. In Fig. 9 , the increase in surface potential RMS value with respect to the peak value calculated in the absence of bone is presented at each angular location, . Results for both the homogeneous cortical bone and the cortical and cancellous bone at each of the five locations are presented. Placing the bone at the center of the model (position 1) had a relatively small effect on the potentials detected at the skin surface, with no discernable difference between the cortical and mixed-tissue bone. As the bone was moved closer to the source (position 2), a substantial increase in the amplitude of the surface EMG signal above the bone was observed, and a slight difference between the two types of bone was detected. Similarly, when the bone was placed close to the muscle fat interface, next to the source (positions 3-5) the RMS value of the surface potentials increased between the source and bone, and directly above the bone, while on the opposite side of the bone a slight decrease in the amplitude of the surface potential was observed, Fig. 9 .
D. Effect of Increasing Subcutaneous Fat Thickness
To investigate how variations in fat thickness among subjects and over different muscles affect the surface EMG signal, the potential at the skin surface was examined as the thickness of the subcutaneous fat layer was varied, while keeping the position of the source with respect to the muscle-fat interface and the volume of the muscle tissue constant. The RMS value and median frequency of a surface action potential observed directly above a source located 3 mm below the muscle-fat interface are presented in Fig. 10 , as the thickness of the subcutaneous fat was increased from 0 mm to 18 mm while keeping the location of the fiber within the muscle tissue constant. At all source depths, increasing the thickness of the subcutaneous fat resulted in a decrease in the amplitude and frequency content of the surface EMG signal at all points around the limb. However, the reduction in both amplitude and frequency content was substantially lower than in a homogeneous muscle model for the same distance between electrode and source, Fig. 10 .
As the thickness of the fat layer was increased, a simultaneous decrease in the rate of decay of the surface EMG signal around the limb was also noted. In Fig. 11 , the rate of decay of the action potential RMS amplitude is presented as the thickness of the subcutaneous fat layer (im millimeters) was varied, for a source located 3 mm below the surface of the muscle-fat tissue interface.
IV. DISCUSSION
A finite-element model of the surface EMG signal has been presented. Important features of the model include the finite nature of the conducting volume, anisotropic muscle tissue, isotropic skin and subcutaneous fat tissue, bone of arbitrary location and realistic muscle fiber transmembrane potentials. Neural control is not considered, rather the focus has been on understanding how multiple layers of inhomogeneous tissue and large inhomogeneities such as bone affect the single fiber action potentials which form the building blocks of the complex surface EMG signal. In particular, the influence of skin, subcutaneous tissue and bone on the rate of decay of the EMG signal around the surface of the limb has been considered, as this has important implications for estimating surface EMG crosstalk. The sensitivity of the surface electrode pick-up range to electrode configuration and interelectrode distance has been discussed in detail elsewhere, both experimentally [37] [38] [39] and in model simulation [40] [41] [42] . This topic is, therefore, not addressed here and the results have been given for a standard single differential electrode configuration with an interelectrode distance of 20 mm. Electrodes were modeled as point electrodes so that the potential could be examined at all points on the mesh at the surface of the model. Previous studies have reported only minor modifications in the detected waveform as electrode size is varied [40] , [43] . For very superficial muscle fibers, EMG amplitude tends to decrease with increasing electrode size, however, these differences disappear as the distance between the electrode and muscle fiber is increased.
Replacing the outer layer of the homogenous muscle model with a highly resistive material such as fat or skin resulted in an increase in the amplitude and frequency content of the potential observed at the surface of the volume conductor, Figs. 3-5 . These perhaps counter-intuitive results are explained by the dramatic increase in the potential at the muscle-fat interface as the current entering the outer annulus decreases, due to the increased resistance of the fat tissue. As the conductivity of the fat is decreased further, the potential at the muscle-fat interface and, hence, at the surface of the volume conductor, continues to increase as progressively more current is confined within the muscle tissue. Although the voltage across the fat tissue also increases with its resistivity, the rise in potential at the interface is greater, yielding a net increase at the surface of the model. At very low values of fat conductivity (below the range of biological tissue) the potential at the surface remains essentially constant as almost all of the current is constrained within the muscle tissue, Fig. 5 . The closer the muscle fiber to the boundary of the muscle tissue, the more dramatic the voltage increase in this region. As a result, the rate of decay of the surface EMG signal, both with increasing source depth and with increasing angular displacement from the source, increases when the outer annulus of the model is filled with a medium of low conductivity such as fat or skin, Figs. 4(a) and 6. The increase in amplitude and more rapid decay with source depth observed are in agreement with observations made by Roeleveld et al. [5] using an analytical multilayer EMG model. However, in [5] a value of skin conductivity considerably higher than the measured skin conductivities reported in [14] was used. This tends to reverse the effect of the highly resistive subcutaneous tissue, rather than accentuate it as in the model presented here.
In reality, skin is a complex, laminar structure. Skin impedance consists mainly of the impedance of the stratum corneum [44] , while the dermis forming the bulk of the skin thickness (0.5-2 mm) is significantly more hydrated and has a rich network of structures, making it much more conductive. In the model presented here, skin is modeled as a homogeneous structure using the conductivity for composite skin measured by Gabriel et al. [15] in vivo. The dielectric properties measured represent values for composite skin and lie between the values for the highly resistive stratum corneum and the more conductive tissue of the dermis [15] . It is expected that when the distance between the fiber and the electrode and the interelectrode distance are large relative to the skin thickness, homogeneous skin would yield similar results to a laminar structure.
As previously reported [4] , [25] , [42] , increasing muscle anisotropy by increasing the muscle conductivity along the longitudinal axis, results in a reduction in the amplitude and frequency content of the simulated action potential, Fig. 7 . In the inhomogeneous model, these changes are slightly less pronounced due to the isotropic nature of the skin and adipose tissue. Increasing also caused the EMG signal to decay more rapidly around the surface of the volume conductor, which would result in lower levels of EMG crosstalk, Fig. 8 .
The effect of a highly resistive region of bone on the surface potential varied considerably, depending primarily on the location of the bone with respect to the source and the boundary of the volume conductor. When located at the center of the model, the bone had little effect on simulated surface potentials and no difference between the homogenous cortical bone and the bone with a core of cancellous tissue was detected, Fig. 9 . However, as the bone was moved closer to the source, an increase in surface EMG amplitude was observed between the source and the bone, and directly above the bone, where current flow was constrained. On the opposite side of the bone, where current flow had been subsequently blocked, a slight decrease in the surface potential was observed. These effects can have a marked impact on surface EMG crosstalk, causing it to increase above the bone and to one side of it, while reducing on the opposite side. Although the effect of bone would appear to be minor in the upper arm since the humerus is located approximately at the center of the limb, in areas where the bone is located close to active fibers and to the surface of the volume conductor, it is clear that its influence on the surface EMG signal can be significant.
Replacing regions of a homogeneous model with tissues of varying conductivity provides insight into the conduction of the EMG signal through an inhomogeneous volume conductor. In experimental applications, however, it is more likely that variations in fat thickness among subjects and over different muscles are observed as the location of the fibers within the muscle tissue remains relatively constant. Changes in the surface EMG signal were, therefore, examined as the thickness of the fat layer was increased while keeping the location of the fiber with respect to the muscle-fat interface and the volume of the muscle fixed. As the thickness of the fat layer and, hence, the distance between fiber and electrode increased, the amplitude and frequency content of the surface potential decreased, Fig. 10 . Spatial filtering characteristics alone predict that surface EMG amplitude and frequency content will decrease as the distance between the electrode and the fiber increases. However, the amplitude and frequency decreases observed in the multilayer model as fat thickness increased were substantially less than those observed in the homogeneous muscle model, Fig. 10 . When the region between the fiber and the surface of the model is partly filled with highly resistive fat tissue, the amplitude and frequency content of the EMG signal at the surface are higher than in the homogeneous model for a fixed electrode-fiber distance, Fig. 4 . Consequently, the spatial filtering of the EMG signal due to increased fiber-electrode distance predicted by a homogeneous muscle model is markedly reduced when the increased distance is due to a thickening of a more resistive fatty tissue, Fig. 10 .
In an extensive study of surface and intramuscular crosstalk in the muscles of the cat hind limb, Solomonow et al. [17] reported a dramatic increase in surface EMG crosstalk in muscles covered by substantial amounts of subcutaneous fat. Similarly, it was illustrated in [18] that the selectivity of surface EMG signals from the biceps muscle decreases as skinfold thickness increases. The reasons behind these observations are not immediately obvious. Using the finite-element model, the relationship between subcutaneous tissue thickness and the rate of decay of the surface action potential around the limb was examined. The simulated results demonstrate a decrease in the rate of decay of the surface potential with angular displacement as subcutaneous tissue thickness increased and, hence, an increase in surface EMG crosstalk, consistent with the experimental observations, Fig. 11 . As illustrated in Fig. 6 , replacing regions of the model with fat and skin tissue caused the amplitude at the surface to decay more rapidly. It is, therefore, suggested that the correlation between skin-fold thickness and crosstalk observed experimentally is due to the increased distance between the active fibers and recording electrodes, rather than the material properties of the adipose tissue. As the subcutaneous tissue thickness increases, the relative variation in distance between the active fibers and the electrode at each point around the limb reduces, yielding more similar EMG signals at each detection point.
In accordance with previous studies, it has been assumed here that biological tissues behave as if they are purely resistive at the frequencies of interest. The conductivities and permitivities of muscle and fat described by the parametric models of Gabriel et al. [16] satisfy the requirements of a resistive model outlined in [20] . However, a wide range of values has been reported in the literature and other combinations of conductivity and permittivity may yield more significant capacitive effects [45] . Similarly, at distances very close to the active fiber, studies using a microscopic network model [17] , [46] have indicated that it is necessary to incorporate membrane capacitance and the frequency-dependent nature of the tissue. Although the values reported in [14] suggest that large capacitive currents may exist in skin tissue, skin thickness is in the range of only 1-2 mm [35] . The influence of skin capacitance is, therefore, more difficult to predict and requires further exploration.
V. CONCLUSION
Finite-element analysis has been shown to be a useful tool for examining the effect of material properties on simulated EMG signals in volume conductors of arbitrary geometry. The inclusion of highly resistive layers of fat and skin tissue causes an increase in the amplitude and frequency content of the simulated surface EMG signal, when compared with a homogeneous muscle model for the same electrode and muscle fiber location. This is due to the increased electrical potential at the interface of the muscle and fat tissues as more current becomes constrained within the muscle tissue. The rate of decay of the surface potential with increasing source depth and with increasing angular displacement from the source is also observed to increase. Subcutaneous tissue, however, is generally associated with an attenuation and low-pass filtering of the surface EMG signal. Based on the simulation results, it is concluded that the attenuation and reduced frequency content of the surface EMG signal observed as subcutaneous tissue thickness increases is due to the increased distance between the muscle fibers and the recording site, rather than the relatively high resistance of the subcutaneous tissue. The spatial filtering of the signal as subcutaneous fat thickness increases is significantly lower than that predicted by a homogeneous muscle model. It is important, therefore, to distinguish between the effect of material properties and distance between source and electrodes when considering the effect of subcutaneous fat. The results also indicate that the effect of bone, which is seldom considered in either experimental or simulation EMG studies, is not always negligible. In regions where the bone lies close to the active muscle fibers and the skin surface, the distribution of the electrical potential at the skin surface may be significantly altered.
